We used a sandwiched film structure of dielectric, metal, and dielectric to measure and also to estimate theoretically the metal-dielectric interfacial thermal resistance. In this structure, a metal layer with a thickness of about 10 nm, including chromium, titanium, aluminum, nickel, and platinum, is sandwiched between two SiO 2 layers with a thickness of 100 nm prepared by plasma enhanced chemical vapor deposition. The estimates, 10 −10 -10 −9 m 2 K W −1 , calculated with a continuum two-fluid model are significantly smaller than the measured values, ϳ10 −8 m 2 K W −1 . The continuum two-fluid model, according to the phenomena of electron-phonon nonequilibrium near the interface in a metal, cannot explain completely the cause of this metal-dielectric interfacial thermal resistance. From photographs of the transmission electron microscopy cross section, we argue that defects at an interface likely play an important role in the magnitude of the interfacial thermal resistance. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3039806͔
As the minimum size of features of electronic and optical devices continues to decrease, the small interfacial thermal resistance ͑measured value of 10 −9 -10 −8 m 2 K W −1 near 300 K͒ [1] [2] [3] [4] [5] [6] [7] becomes comparable with the thermal resistance of a film with a thickness of ϳ10 nm and is increasingly important in various scientific and engineering applications. Differing from the thermal resistance at the interface between two dielectrics, the causes of metal-dielectric interfacial thermal resistance possibly include phonon-phonon scattering at the interface, energy transfer from electrons in metal to phonons in dielectric by inelastic scattering at the interface, and electron-phonon nonequilibrium near the interface in metal. The first effect is described well with the acoustic mismatch model ͑AMM͒ 8 or the diffuse mismatch model ͑DMM͒;
9 the interfacial thermal resistance is about 10 −10 -10 −9 m 2 K W −1 near 300 K. The second effect has been explored, 10 yielding values of 10 −12 -10 −10 m 2 K W −1 . The third effect is describable with a continuum two-fluid model. 11, 12 These three causes reasonably coexist; inelastic scattering between electrons in metal and phonons in dielectric is rarely considered in previous literatures due to its insignificant effect, as for the thermal resistances caused by phonon-phonon scattering at the interface and by electron-phonon nonequilibrium near the interface in metal, Majumdar and Reddy 12 suggested that they are in series. In this work, we used a sandwiched film structure, which an ultrathin pure metal layer is sandwiched between two dielectric layers, to calculate the theoretical value by using a continuum two-fluid model and also to measure the metal-dielectric interfacial thermal resistance. In the sandwiched film structure, the metal layer includes chromium ͑Cr͒, titanium ͑Ti͒, aluminum ͑Al͒, nickel ͑Ni͒, and platinum ͑Pt͒, which are deposited with an e-beam evaporator; all layers have a thickness of about 10 nm. The selected dielectric layers are plasma enhanced chemical vapor deposited ͑PECVD͒ SiO 2 with a thickness of about 100 nm.
The continuum two-fluid model has been widely used to investigate the pulsed-laser heating of metals. [13] [14] [15] The model assumes that electrons in the metal layer cannot interact directly with phonons in the dielectric layer at interface. Electrons must hence first exchange energy with phonons in the metal layer, which are then coupled with atomic vibrations in the dielectric layer through interface bonds. This particular phenomenon of thermal transport results in a significant nonequilibrium between electrons and phonons near the metaldielectric interface in the metal layer and eventually an extra thermal resistance.
The analytic solutions for the one-dimensional two-fluid model have been derived by Ju et al. 11 The extrinsic thermal resistance of the metal layer is defined in terms of the phonon temperature as
in which L is the thickness of the metal layer, ␦ is the electron-phonon coupling length ͓␦ = ͱ k e k p / G͑k e + k p ͔͒ , G denotes the electron-phonon coupling factor, and k is the thermal conductivity. Subscripts e and p serve as label of quantities pertaining to electrons and phonons, respectively. The first term of Eq. ͑1͒ is the intrinsic thermal resistance as predicted from the conventional equation for heat diffusion; the second term is twice the interfacial resistance due to spatial nonequilibrium between electrons and phonons. For a prediction of the metal-dielectric interfacial thermal resistance with the two-fluid model, G, k e , and k p are the three most important parameters for the decision. The electronphonon coupling factor ͑G͒ of bulk metal has been measured and theoretically evaluated much in previous literatures, in contrast with that of a nanoscale thin film. The electron thermal conductivity, k e , is related to the electrical conductivity through the Wiedemann-Franz law near 300 K. Using a four-point probe method, we measured the electrical conductivity of a metal film with a thickness of 10 nm deposited upon a PECVD SiO 2 layer to determine k e . The phonon thermal conductivity, k p , can be estimated with kinetic theory according to k p = ͑Cvl͒ p / 3, in which C, v, and l are the phonon specific heat, the velocity of sound, and the mean free path, respectively. Because the temperature is on the order of the Debye temperature, the Dulong-Petit law is used to predict the phonon specific heat, C. Due to the disordered structure of the metal layer, the phonon mean free path is much shorter than that of a crystal. Near 300 K, the mean free path of a phonon approximates its wavelength, which is also on the order of an interatomic spacing. 20, 21 In this calculation we thus assume l to be equal to twice the interatomic spacing ͑l ϳ 5 Å͒. With these parameters, the estimated values of k e and k p are listed in Table I. Using Eq. ͑1͒, we evaluated the extrinsic thermal resistance ͑10 −9 m 2 K W −1 ͒ of a metal layer as follows: Cr ϳ 2.64, Tiϳ 2.0, Alϳ 2.7, Niϳ 2.05, and Ptϳ 3.66. The Pt layer has the largest value because of its small k p and large ratio k e / k p . In contrast, Ni and Ti layers have small thermal resistances; Ti has a significantly larger G, and Ni has a larger k p and also a larger G. As for the metal-dielectric interfacial thermal resistance, the values ͑10 −9 m 2 K W −1 ͒ are Crϳ 0.711, Tiϳ 0.392, Alϳ 1.29, Niϳ 0.805, and Pt ϳ 1.55. The Pt and Al layers have a larger value because of their large ratio k e / k p , whereas Ti has a smaller value because of its higher G. Regardless of the extrinsic thermal resistance or the interfacial thermal resistance, varying insubstantially the parameters G, k e , and k p makes no noticeable alteration of their orders of magnitude.
To measure the thermal resistance at a metal-dielectric interface, we conducted measurements in two batches. For the first batch, we deposited films with varied thickness of PECVD SiO 2 on a silicon substrate ͑P/boron, 20-25 ⍀ cm, with a thickness of ϳ500 m͒ and then deposited a Cr/Au ͑with a thickness of ϳ20 nm/ 100 nm͒ strip pattern upon the PECVD SiO 2 film. In measurements for this batch we determined the extrinsic thermal resistance of the PECVD SiO 2 film that includes the intrinsic thermal resistance of the SiO 2 layer and the interfacial thermal resistances of both Si-SiO 2 and Cr-SiO 2 . The thermal resistance of the SiO 2 film, R ‫ء‬ , depends on its film thickness ͑t͒,
For measurements in the second batch, we made a sandwiched film structure that is deposited on a silicon substrate.
In the sandwiched structure, a metal layer with a thickness of 10 nm was deposited and sandwiched between two PECVD SiO 2 layers ͑the sum of the thicknesses is ϳ201.8 nm͒ ͑shown in Fig. 1͒ was also deposited. For this batch, we measured the total thermal resistance of the sandwiched structure ͑R ‫ءء‬ ͒ expressed as
Subtraction of Eq. ͑2͒ from Eq. ͑3͒ yields the extrinsic thermal resistance of the metal layer. In general, because of the large intrinsic thermal conductivity and nanoscale thickness, the intrinsic thermal resistance of the metal layer, R int,m , is so small to be negligible. The extrinsic thermal resistance of an ultrathin metal film, R ext,m , thus approaches the metaldielectric interfacial thermal resistance twice,
We applied a parallel-strip method 22 to measure the thermal resistance of a thin film such that a parallel metallic strip pattern-heating strip and sensing strip-is deposited on the measured film. The average temperature on the top side of the film, T av-f , is measured directly with the heating strip; the immeasurable average temperature between the film and the substrate, T av-s , is deduced from the sensing strip temperature on solving an equation for one-dimensional heat conduction in cylindrical coordinates ͑shown in Fig. 1͒ . The uncertainty of thermal resistance in this method is ϳ4.88 ϫ 10 −9 m 2 K W −1 , independent of film thickness. As the re- 
We evaluated the metal-dielectric interfacial thermal resistance using Eqs. ͑4͒ and ͑5͒ and the theoretically predicted intrinsic thermal resistance of the metal layer. From the use of the Cr/Au heater strip, we first reckoned the interfacial thermal resistance of Cr-PECVD SiO 2 In a comparison of the results between the measurement and theoretical estimation ͑listed in Table I͒ , the estimated interfacial thermal resistances are all less than a tenth of the measured ones. According to such an obvious disparity, we argue that the electron-phonon nonequilibrium near interface in a metal is not the dominant cause of these results for the thermal resistance at a metal-dielectric interface.
Theoretical models including AMM and DMM, inelastic electron-phonon scattering at interface, and a two-fluid model, which provide reasonable physical insight into phenomena for thermal transport across an interface, attempt to explain the cause of the thermal resistance at a metaldielectric interface, but their predicted values-even a sum of their values-is significantly smaller than the experimental data near 300 K because a perfect interface condition is introduced into these theoretical models, whereas an imperfect interface is typical of an actually deposited thin film. We thus argue that there is likely a weighty mechanism for thermal transport caused by an imperfect interface, which induces the thermal resistance at a metal-dielectric interface. Figure 2 shows the cross section of sandwiched samples of Cr and Pt. The Cr-SiO 2 interface is fuzzier than that for Pt-SiO 2 ; we suggest that an oxide forms at the Cr-SiO 2 interface that is many atoms thick but not at Pt-SiO 2 . Energy dispersive x-ray ͑EDX͒ analysis also shows significant oxygen atoms detectable in the Cr layer but not in the Pt layer. The oxide form is expected to enhance the interfacial adhesion and would likely diminish the interfacial thermal resistance. Moreover, nucleation of atomic clusters and growth lead to an impingement of clusters to form a grain boundary and also lead to a defect at an interface. 23, 24 The defects at an interface might partially obstruct a heat flow across an interface and lead to concentration at other areas of effective contact. In theory, this concentration of heat might cause a great increase of temperature and induce the interfacial thermal resistance that we observed. A rough estimate based on this supposition shows that this likely cause might substantially increase the interfacial thermal resistance. This supposition lacks validation in this work but is an interesting hint from our observations for further investigation. 
